We present multi-instrument observations of the effects of so- 
Introduction
The interaction of solar wind with Mars starts at large distances from the planet where the newly ionized hydrogen and oxygen atoms originating in the extended hydrogen atmosphere and hot oxygen corona are picked up by the solar wind (Barabash et al., 1991; Dubinin et al., 2006a , Yamauchi et al., 2006 , Rahmati et al., 2015 . These ions are accelerated by the motional electric field E = −v x B and move on cycloidal trajectories. O + ions picked up in the magnetosheath and accelerated along the solar wind electric field form a plume in the Martian hemisphere defined by the positive direction of the solar wind electric field. Ions escaping through this channel contribute about 20% of the total ion losses . Closer to Mars, the solar wind interacts directly with the ionosphere forming the draped induced magnetosphere. The draped IMF field lines in the wake shape the long tail on the night side (Nagy et al., 2004, Dubinin and Fraenz, 2015) . The well organized structure of the induced magnetic tail contains two important channels for ion escape. Stretched field lines in the lobes with the central parts inside the magnetized Martian ionosphere are a pathway for ions extracted by the parallel ambipolar electric field (Dubinin et al., 2011 , Collinson et al., 2015 . The tail lobes with oppositely directed magnetic field lines are separated by a plasma sheet in which the planetary ions gain additional acceleration by the j x B force (Dubinin et al., 1993 , Barabash et al., 2007 , Fedorov et al., 2006 , 2008 , Dubinin and Fraenz, 2015 . The existence of strong localized crustal magnetic fields (Acuña et al., 1998) and another one in the collisional atmosphere (Brain et al., 2003 , Ma et al., 2014 , Xu et al., 2016 . This very complicated magnetic field geometry not only affects the existing escape routes but also produces new channels for escape of planetary ions. For example, by analyzing the pitch-angle distribution of photoelectrons, Xu et al. (2017) have shown that the low-altitude ionosphere, even in the northern hemisphere, is largely permeated by closed field lines which prevent the ion transport to the tail. On the other hand, open field lines which are stretched in the tailward direction are similar to open field lines in the Earth magnetosphere and might be a potential route for polar wind at Mars (Collinson et al., 2015) . Such a big variety of routes for ion escape makes it necessary to study the efficiency of ion losses depending on solar wind parameters by considering the role of the different escape channels. This goal also requires a proper choice of a coordinate system, which is adequate for the statistical description of the global picture of ion fluxes.
Solar wind and solar irradiance are the main drivers which control the atmospheric losses at Mars that might be important for the evolution of its atmosphere and water inventory. In this paper we study the dependence of ion fluxes on solar wind variations.
Previous studies of this problem used the ASPERA-3 measurements on Mars Express (MEX) (Lundin et al., 2008 , Nilsson et al., 2010 , Ramstad et al., 2015 . Based on the analysis of 42 selected orbits Lundin et al. (2008) The authors have found a trend of an increase in the total escape rate with decreasing solar wind density. Such contradictory results make it necessary to further examinate this c 2017 American Geophysical Union. All Rights Reserved.
problem which is closely related to the global problem of the Mars dehydration. In past epochs solar wind was stronger and solar irradiance was higher and therefore we need to know how escape fluxes depend on variations of solar wind and solar EUV. Effects of solar irradiance on escape ion fluxes were recently discussed in (Ramstad et al., 2015 , Dubinin et al., 2017a ,b, Dong et al., 2017 . Here we will focus on effects related to variations in the solar wind that are important for ion escape forced by the solar wind. The measurements made by the MAVEN spacecraft provide the opportunity to study these processes with simultaneous monitoring of solar wind and the IMF in more detail.
Observations

Instrumentation
The MAVEN spacecraft arrived at Mars in September 2014 to study the processes in the upper atmosphere/ionosphere and its interaction with solar wind . MAVEN was inserted into an elliptical orbit with periapsis and apoapsis of 150 km and 6200 km, respectively, and with a period of 4.5 hours. The spacecraft carries 9 sensors which measure the input fluxes of solar wind and solar irradiance and monitor the response of the Martian atmosphere/exosphere and ionosphere on these driving inputs.
In this paper we use data from 4 instruments to study effects of the variability in the solar wind on the structure of the Martian magnetosphere and ion losses for the period The measurements made by the Solar Wind Ion Analyzer (SWIA) and the MAG -magnetometer were used to monitor the solar wind and the interplanetary magnetic field (IMF). SWIA provides the solar wind parameters with a cadence of 4s. We also used the magnetic field data from two independent tri-axial fluxgate magnetometers (MAG) mounted on the booms of the MAVEN spacecraft .
We have also utilized the data (L3 data product) from the Extreme Ultraviolet Monitor on the MAVEN (Epavier et al., 2015) to determine the solar irradiance.
We utilize the MAG data in the MSO and MSE coordinates. The Mars Solar Orbital completes the right-handed system. In the Mars Solar Electric system the X M SE axis coincides with the X M SO axis, while the Y M SE axis is determined by the magnetic field vector in the solar wind being along the cross-flow component of the IMF. Then the Z M SE axis is always along the direction of the motional electric field
We took the IMF orientation on each MAVEN orbit by averaging the MAG data in the upstream solar wind over 30 min. In contrast to the approach by Halekas et al., (2017) we did not use very strict criteria on the MAG data ensuring only the periods with steady and undisturbed IMF orientation. We processed all orbits in order to study the global features of the Martian magnetosphere without any simplifying assumptions.
Selection of the coordinate frame
To study the relationship between ion fluxes through different escape channels and solar wind conditions we need, at first, to choose the coordinate system which is more appropriate to describe the global picture of ion fluxes. For example, a cylindrical coordinate system is often used to characterize the flow pattern at Mars (see e.g. Lundin et al., 2008 , Nilsson et al., 2010 , Ramstad et al., 2015 . the magnetic field around Mars becomes well organized (Yeroshenko et al., 1990, Dubinin and Fraenz, 2015) . A shift of these fluxes toward the E − hemisphere is clearly observed (see also Dubinin et al., 2017a) . Another important feature seen in Figure 1d is the filling of the nightside ionosphere by ion fluxes from the dayside.
To separate more clearly different regions in the tail we can use another set of variables. set of variables is useful since it allows to avoid the problem with multiple crossings of the current sheet due to its flapping motion , Dubinin and Fraenz, 2015 , DiBraccio et al., 2017 and reduces uncertainties related to a time lag of the current sheet orientation in response to the IMF variations (Modolo et al., 2012) . In Figure 2a we can clearly identify the magnetosheath and the plasma sheet with adjacent tail lobes. On the maps of oxygen fluxes we observe that the plasma sheet is filled by more energetic oxygen ions ( Figure 2b ) while the lobes mainly contain the lower-energy component ( Figure 2c ).
Such a separation occurs due to a focusing effect by ion acceleration by the j x B forces (Dubinin et al., 1993 , Dubinin and Fraenz, 2015 . It is also seen that fluxes of oxygen ions at the outer edges of the lobes (boundary layer) are mostly localized in the E − hemisphere. It is worth noting that the fluxes of low-energy oxygen ions dominate over fluxes of the more energized component. In the following we will consider separately responses of fluxes of low and high energy oxygen ions on solar wind variations (see also Dubinin et al., 2017a,b) .
It is worth noting that the MSE (or the modified MSE) coordinate system is also of the planet fill mainly the regions in the southern (northern) hemisphere for
This result is confirmed by a map of ion fluxes in the Y Z M SE plane (Figure 3d ). It is also seen (Figure 3d ) that the plasma sheet in the MSE-coordinates occurs rather diffused due to superposition of the maps in Figures 3e and 3f and Brain et al, 2007 , Xu et al., 2017 to be done in a future study. It is interesting to note that the dependence on the solar wind strength becomes stronger when we examine narrower layers of the plasma sheet ( Figure 7) . It is worth noting that with decrease of the examined plasma sheet width the effect of the dependence on the motional electric fields appears.
At larger distances (−3R M < X < −2.2R M ) in the tail (see Figure 6 ) where we observe a general increase of ion fluxes (see e.g. Figure 1 and Figure 2 ) the dependences of F O + on P dyn and F sw are more complicated and are characterized not only by their growth with P dyn and F sw , but also by an increase at low P dyn and F sw . Also, in contrast to closer distances to Mars, we observe a distinct correlation of F O + with the motional electric field.
All these features indicate that the plasma sheet at large distances is supplied by another c 2017 American Geophysical Union. All Rights Reserved.
ion source with a different dependence on solar wind parameters. An inspection of Figure   1 locates this source in the E − hemisphere.
Tail lobes
It was shown that the tail lobes are mostly filled by low-energy ions (see e.g. Figure 2c ). in the plasma sheet. Then, at low values of P dyn and F sw when the magnetic field in the tail and, correspondingly, the magnetic tensions become smaller, ions in the plasma sheet are accelerated to lower energies. This means that the energy of separation between the low and high energy components, must be smaller than 30 eV we have used above. Indeed, it occurs that if we take, for example, E = 15 eV, the low-energy ions (E < 15 eV) fill only the lobes. With increase of P dyn and F sw the magnetic field in the tail increases (see 
Boundary layer
The existence of a population of oxygen ions near the boundary of the induced magnetosphere (IMB) is displayed in Figure 1c and Figure 2b . It is the region where solar wind is in direct contact with the ionosphere and where the solar wind momentum is transferred to the ionospheric plasma. Although, the existence of the boundary layer was shown long ago (Vaisberg, 1976 , Dubinin et al., 1996 the mechanism of its formation is still open. Figure 1c shows that the ions in the boundary layer on the dayside are gradually transported inward the magnetosphere and fill the circular region behind the planet. The distribution of ions in this circular area is strongly asymmetrical (see Figure 3d ). Higher fluxes are observed in the E − -hemisphere. To study the relationship between fluxes of oxygen ions and the conditions in the solar wind we selected the parameter space 10 nT < B x < 20 nT at −2R M < X < −1R M (see Figure 2b ). is constant) as compared to the flux tubes moving in the E + ionosphere, and therefore are more mass-loaded by the photo-ions. We observe that the E − ionosphere supplies the plasma sheet with a denser plasma and the filling occurs at larger distances (> 2.5R M ) in the tail.
The low-energy component, which mainly occupies the lobes, may be partly driven into tailward motion by the ambipolar electric field caused by the expansion of the ionospheric electrons along the field lines. Values of ion energy higher than expected for the common polar wind, appear by ion preacceleration produced by a negative spacecraft potential as often observed in the Mars shadow. Mass-loaded pickup in which the ions are extracted from the dense ionosphere where the motional electric field is much less than in the solar wind and in the outer ionospheric regions, and gain much less energy than in the classical pickup also contribute to the lobe population. The motional electric field imposes a strong asymmetry of fluxes of the low-energy ions through the E + and E − hemispheres. The MAVEN observations show a shift of ion fluxes toward the E − hemisphere. A similar asymmetry was observed in the near Venus tail (Dubinin et al., 2013) .
Another region characterized by the enhanced fluxes of oxygen ions is the boundary layer which forms at the dayside. With transition to the nightside the boundary layer shrinks taking the shape of a circular area with a strong asymmetry between E + and E − hemispheres. In the E − -hemisphere ion fluxes are significantly higher. We assume that this ion population filling a circular area behind Mars is responsible for observations of the 'tail rays' in the wake of Mars and Venus (Dubinin et al., 1991) .
Separating different escape routes we have studied effects of the solar wind variability on the efficiency of ion losses through these channels. Figure 12 compares the dependences c 2017 American Geophysical Union. All Rights Reserved.
of ion fluxes in the tail on the solar wind and the IMF variations for the different escape channels. The almost linear dependence between ion flux in the near Mars plasma sheet and solar wind flux can be explained by the momentum transfer from the solar wind to the compressed magnetic field on the dayside (the magnetic pressure) and the following transfer of the momentum flux from the rising magnetic field tensions in the tail to the planetary ions (Dubinin et. al,, 2011, Dubinin and Fraenz, 2015) . The absence of a relationship between the ion fluxes and the motional electric field implies the dominance of the j x B forces. Similar relations between O + ion fluxes in the boundary layer and the plasma sheet imply the general mechanism of ion escape through these channels is governed by j x B forces.
On the other hand, values of fluxes of ions filling the plasma sheet from the E − -hemisphere also reveal a positive correlation with the motional electric field. This probably can be explained by the reduced values of the j x B forces in the E − -hemisphere in which the draped magnetic field is smaller, and therefore, by the enhanced role of the V x B term.
Another important feature is the observed enhancement of ion fluxes in the plasma sheet at X ≤ 2.2R M at low values of the solar wind dynamic pressure and the solar wind flux.
Although this unusual trend should be confirmed by larger statistics we can speculate that at low values of the solar wind dynamic pressure the ionosphere expands outward where it is more efficiently scavenged and transported to the plasma sheet. Since the expansion occurs not symmetrical with respect to the direction of the motional electric field we observe such features in the plasma sheet which is filled from the E − hemisphere.
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A different trend is observed for the fluxes of O + ions with low energies (E < 30 eV). the major contribution of the low-energy ions whose fluxes decrease with increase of the solar wind dynamic pressure (flux). Similarly, the observations by Dubinin et al. (2011) and Dubinin and Fraenz (2015) to an 'unmagnetized' that can drastically change the escape processes.
In conclusion, we note that in future studies one should improve the used modified MSE 
